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Electrophoretic variation and inheritance of four novel enzyme systems were 
studied in maize (Zea mays L.). A minimum of 10 genetic loci collectively 
encodes isozymes of aconitate hydratase (ACO; EC 4.2.1.3.), adenylate 
kinase (ADK; EC 2.7.4.3), NADH dehydrogenase (DIA; EC 1.6.99.-), and 
shikimate dehydrogenase (SAD; EC 1.1.1.25). At least four loci are responsi-
ble for the genetic control of ACO. Genetic data for two of the encoding loci, 
Acol and Aco4, demonstrated that at least two maize ACOs are active as 
monomers. Analysis of organellar preparations suggests that ACOJ and 
AC04 are localized in the cytosolic and mitochondrial subcellular fractions, 
respectively. Maize ADK is encoded by a single nuclear locus, Adkl, 
governing monomeric enzymes that are located in the chloroplasts. Two 
cytosolic and two mitochondrial forms of DIA were electrophoretically 
resolved. Segregation analyses demonstrated that the two cytosolic isozymes 
are controlled by separate loci, Dial and Dia2, coding for products that are 
functional as monomers (DIAl) and dimers (DIA2). The major isozyme of 
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SAD is apparently cytosolic, although an additional faintly staining plastid 
form may be present. Alleles at Sadl are each associated with two bands that 
cosegregate in controlled crosses. Linkage analyses and crosses with B-A 
translocation stocks were effective in determining the map locations of six 
loci, including the previously described but unmapped locus Acp4. Several of 
these loci were localized to sparsely mapped regions of the genome. Dia2 and 
Acp4 were placed on the distal portion of the long arm of chromosome 1, 12.6 
map units apart. Dial was localized to chromosome 2, 22.2 centimorgans 
(eM) from B 1. A co 1 was mapped to chromosome 4, 6.2 eM from su 1. Adkl 
was placed on the poorly marked short arm of chromosome 6, 8.1 map units 
from rgdl. Less than 1% recombination was observed between Glul (on 
chromosome 1 OJ and Sadl. In contrast to many other maize isozyme systems, 
there was little evidence of gene duplication or of parallel linkage relation-
ships for these allozyme loci. 
KEY WORDS: genetic linkage; isozymes; allozymes; Zea mays L.; adenylate kinase; shikimate 
dehydrogenase; aconitate hydratase; NADH dehydrogenase. 
INTRODUCTION 
Isozyme analysis probably has attained a broader applicability in maize (Zea 
mays L.) than in any other plant species. The reasons for this are several, but 
foremost among them is the extensive body of information that is available 
regarding the mode of inheritance and linkage relationships of numerous 
isozyme loci (reviewed by Goodman and Stuber, 1983b). This documentation 
has often included descriptions of phenotypes in electrophoretic gels, verifica-
tion of Mendelian segregation patterns, determination of chromosomal loca-
tions, and subcellular localization of enzyme products. Many maize allozyme 
loci are highly polymorphic and are conveniently analyzed using the relatively 
straightforward and inexpensive technique of starch gel electrophoresis 
(Cardy et al., 1983; Stuber et al., 1988). Applications have included identifi-
cation and discrimination of inbred lines (Cardy and Kannenberg, 1982; 
Goodman and Stuber, 1980; Stuber and Goodman, 1983a), locating and 
manipulating genetic factors associated with quantitatively inherited and 
often agronomically important traits (Edwards et al., 1987; Stuber et al., 
1980, 1982, 1987; Wendel et al., 1987), and monitoring trends of genetic 
diversity in commercially important maize lines (Smith et al., 1985a, b). 
Allozyme variation patterns have also provided insights into relationships 
among maize landraces (Bretting et al., 1987; Doebley et a/., 1983, 1985, 
1986, 1987; Goodman and Stuber, 1983a) and the taxonomy and evolution of 
the genus Zea (Doebley eta/., 1984; Smith eta/., 1984). Recent studies have 
expanded the number of available loci to approximately 40, with a concomi-
tant increase in our knowledge of the linkage relationships of all allozyme 
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markers (Kahler, 1983; Sisco eta!., 1987; Stuber and Goodman, 1983b, 1984; 
Wendel and Beckett, 1987; Wendel et a!., 1985a, b, 1986a, b). Mapping of 
additional allozyme loci will facilitate the construction of increasingly useful 
marker stocks and allow progressively more sophisticated experiments to be 
designed that require knowledge of chromosomal location (e.g., Edwards et 
a!., 1987; Stuber eta!., 1987). 
In this paper we formally report for the first time descriptions of 
isozymes and allozymes of four enzyme systems in maize, i.e., aconitate 
hydratase [citrate (isocitrate) hydrolyase; EC 4.2.1.3], adenylate kinase 
(ATP:AMP phosphotransferase; EC 2.7.4.3), NADH dehydrogenase 
[NAD(P)H: (acceptor) oxidoreductase; EC 1.6.99.-], and shikimate dehy-
drogenase (shikimate:NADP+ 3-oxidoreductase; EC 1.1.1.25). These 
enzymes collectively are encoded by a minimum of 10 genetic loci. Presented 
are procedures for electrophoretic resolution, descriptions of phenotypic 
variation patterns, segregation data documenting the inheritance and linkage 
relationships of the encoding loci, and evidence regarding the intracellular 
localization of the resolved enzyme products. Several of the loci presented here 
have been mapped to sparsely marked regions of the genome and include the 
first allozyme marker for chromosome 2. In addition, inbred lines are listed 
that possess specific allelic variants for many of the described loci. 
MATERIALS AND METHODS 
Plant Materials 
Approximately 10,000 maize plants were surveyed during the course of these 
investigations, including approximately 250 publicly available inbred lines, 
more than 100 racial accessions of maize from the United States and Central 
and South America, and numerous field-generated progenies (F1, BC, F2, and 
F3) involving plants with newly discovered electrophoretic variants. All crosses 
involved pairs of individually pedigreed plants. Many of these pedigrees are 
complex, due to several generations of intercrossing individuals from racial 
collections andjor inbred lines. Morphological stocks used in linkage analyses 
were obtained from the Maize Genetics Cooperation Stock Center, Urbana, 
Illinois. Stocks carrying appropriate alleles at allozyme loci were pollinated by 
the basic B-A translocation set (Beckett, 1988) to produce progeny contain-
ing plants hypoploid (hemizygous) for the region being tested (i.e., that 
portion of the chromosome arm distal to the translocation breakpoint). 
Roman's translocations were obtained from the Stock Center and several 
other translocation stocks were obtained from the originators (see Beckett, 
1988); the remaining translocation stocks were produced by X-raying mature 
or immature pollen containing B chromosomes (Beckett, 1988). 
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Enzyme Extraction and Electrophoresis 
Most electrophoretic analyses were conducted on crude extracts of coleoptile 
tissue from 5-day-old seedlings following previously described techniques 
(Cardy et al., 1983; Goodman et al., 1980b; Stuber et al., 1988; Wendel et al., 
1986a, b). The primary advantage of using this tissue is that the coleoptile can 
be removed without sacrificing the plant, which can then be transplanted to 
the nursery for crosses and subsequent genetic analyses. Most of the loci 
presented here are also expressed in leaves, although activity levels and clarity 
of electrophoretic banding are generally higher in coleoptiles. Coleoptile 
extracts were frozen at - 7o·c until electrophoresis without noticeable loss of 
activity (for most enzymes), but it was necessary to assay fresh samples of leaf 
extracts. 
Samples were absorbed onto filter-paper wicks and inserted into 12.8% 
starch gels as described elsewhere (Cardy et al., 1983; Goodman et al., 1980b; 
Stuber et al., 1988). Many different gel and electrode buffer systems could 
adequately resolve some of the aconitate hydratase and NADH dehydroge-
nase isozymes, but optimal resolution was achieved using a pH 7.0 Tris-
citrate gel and electrode buffer system (electrode buffer-0.135 M Tris, 0.043 
M citric acid; gel buffer-1 part electrode buffer to 14 parts water). 
Resolution of adenylate kinase isozymes could be accomplished only with the 
amine-citrate gel and electrode buffers of Clayton and Tretiak (1972): the 
electrode buffer was prepared by titrating 0.04 M citric acid to pH 6.1 with 
N-(3-aminopropyl)-morpholine; the gel buffer was prepared by diluting 1 part 
electrode buffer with 19 parts water. Isozymes of shikimate dehydrogenase 
were separated using both of the gel and electrode buffers listed above. 
Tris-citrate gels were run at 15 W constant power for 6 hr, while amine-
citrate gels were run at 13 W for 6.5 hr. 
Subsequent to electrophoresis, gels were sliced into 1.2-mm-thick slices 
and assayed for enzyme activity. Staining solutions were modified from Shaw 
and Prasad (1970), Siciliano and Shaw (1976), and Vallejos (1983) as 
follows. 
Aconitate Hydratase. Seventy-five milligrams neutralized (pH 7 .0) 
cis-aconitic acid, 50 mg MgC12, 5 mg nicotinamide adenine dinucleotide 
phosphate (NADP), 60 U isocitrate dehydrogenase (Sigma No. 1-2002), 10 
mg tetrazolium thiazolyl blue (MTT), and 2 mg phenazine methosulfate 
(PMS) were added to 15 ml 0.05 M Tris-HCL, pH 8.0. This solution was 
added to 15 ml of pre-boiled and cooled (to 6o·q agar [0.05 M Tris-HCl, pH 
8.0 containing 1% (w jv) agar], and the resulting mixture was poured onto the 
gel slice and allowed to solidify. 
Adenylate Kinase. Ninety milligrams glucose, 20 mg adenosine diphos-
phate (ADP), 10 mg nicotinamide dinucleotide phosphate (NAD), 50 mg 
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MgCl2, 170 U hexokinase (Sigma No. H4502), 40 U NAD-dependent 
glucose-6-phosphate dehydrogenase (Sigma No. G5885), 10 mg MTT, and 2 
Mg PMS were added to 15 ml 0.05 M Tris-HCl, pH 8.0. This solution was 
added to a solution of preboiled and cooled (to 60°C) agar [15 ml 0.05 M 
Tris-HCl, pH 8.0 containing 1% (w jv) agar], and the resulting mixture was 
poured onto the gel slice and allowed to solidify. 
NADH Dehydrogenase. Ten milligrams NADH (reduced form of 
NAD), 10 mg MTT, and 1 mg 2,6-dichlorophenol indophenol were added to 
15 ml 0.05 M Tris-HCl, pH 8.0. This solution was added to 15 ml of preboiled 
and cooled (to 60°C) agar [0.05 M Tris-HCl, pH 8.0, containing 1% (w jv) 
agar], and the resulting mixture was poured onto the gel slice and allowed to 
solidify. 
Shikimate Dehydrogenase. Fifty milligrams shikimic acid, 10 mg MTT, 
2 mg PMS, and 5 mg NADP were added to 50 ml 0.05 M Tris-HCl, pH 8.5. 
Gel slices were immersed in the staining solutions and incubated at 37°C 
until the bands were optimally developed (usually 1-2 hr). 
Organelle Isolation 
Chloroplast and mitochondrial preparations were obtained by subcellular 
fractionation and percoll purification following procedures detailed by Wen-
del et a!. (1986b). The preparations were microscopically inspected for intact 
organelles (under oil immersion) and their purity was verified by electropho-
resis followed by staining for organelle-specific isozyme markers, including 
the mitochondrial forms of malate dehydrogenase (Goodman eta!., 1980a) 
and plastid-specific isozymes of aspartate aminotransferase, glucose phos-
phate isomerase, and triosephosphate isomerase (Stuber and Goodman, 
1983c; Wendel eta!., unpublished). For electrophoresis, organelles were burst 
with a combination of osmotic shock (with deionized water) and grinding with 
a power-driven acetal pestle in a 400 ~l microcentrifuge tube. 
Genetic Analysis 
Allozyme loci were postulated based on phenotypic variation patterns and 
segregation ratios obtained in numerous controlled crosses. Genetic models 
were tested by chi-square goodness of fit to expected ratios. Nonrandom joint 
segregation among loci was tested by contingency analyses. Recombination 
fractions between linked loci were estimated by the method of maximum 
likelihood (Allard, 1956), using a recent version (3.50) of the computer 
program LINKAGE-1 (Suiter eta!., 1983). 
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RESULTS 
Electrophoretic Variation and Segregation Analysis 
Aconitate Hydratase 
Resolution of aconitate hydratase (ACO) isozymes requires more carefully 
controlled conditions than for most other maize isozymes we have studied. In 
freshly prepared extracts, five or six bands are usually observed in inbred 
lines, consisting of one darkly staining band, two or three bands of moderate 
intensity, and two weakly staining bands (Fig. 1). In contrast with most other 
maize isozymes, ACO appears to be cold labile; activity in extracts that have 
been frozen is reduced by about 50%, and two cycles of freezing and thawing 
generally allow only the most darkly staining band to be observed. 
Crosses among true-breeding lines with different ACO phenotypes 
generate hybrids having all parental bands but no additional hybrid bands 
(heteromers). Segregation studies demonstrated that the zones of staining 
varied independently of each other and that their behavior follows the pattern 
expected for codominant alleles specifying functionally monomeric enzymes; 
i.e., in each zone, one- and two-banded phenotypes are observed in material 
expected to be homozygous and heterozygous, respectively. Genetic interpre-
Fig. 1. Aconitate hydratase (ACO) isozymes in maize. Direction of migration is 
toward the top (anode) of the figure. Zymograms stained for ACO are complex and 
variation is controlled by at least four genes. Variation in the most anodal darkly 
staining region is encoded by Aco1. Each allele is associated with a single band, and 
no intragenic or intergenic hybrid bands are formed. Lanes I, 2, and 3 illustrate 
individuals with the genotypes Aco1-1/1, Aco1-4j4, and Aco1-1/4, respectively. A 
faintly staining isozyme between ACOl-1 and ACOl-4 (arrow, lane 4) is associated 
with a locus tentatively designated Aco2. The slowest invariant isozyme in all lanes is 
controlled by Aco4. AC02 and AC04 are intensified in the mitochondrial/ 
glyoxysomal subcellular fraction, as shown in B (lane marked with the arrow). 
A COl appears to reside in the cytosolic (soluble) fraction. 
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tation of ACO variation patterns is complicated by several factors, however, 
including the complexity of the zymogram, comigration of bands, and lack of 
sufficient staining intensity. Because of these complications, we have not been 
able to establish the number of encoding genes, although it is at least four. The 
most darkly staining band, which is usually the most anodal isozyme, is not 
found in chloroplast or mitochondrial subcellular fractions. This cytosolic 
form is designated AC01 and the encoding locus is designated Acol. Three 
allelic variants at this locus have been validated by segregation data from 
several large families (Table I), of which two, Acol-1 and Acol-4 (Fig. 1A), 
are common in domestic germplasm (Table II). In many materials there is a 
faintly staining band between ACO 1-1 and ACO 1-4. This band is intensified 
in the mitochondrial subcellular fraction (Fig. 1B) and, accordingly, is 
designated the mitochondrial isozyme AC02 (encoding locus Aco2). Due to 
the aforementioned problems, Aco2 is difficult to score in most materials, but 
segregation data have been obtained that confirm its monomeric nature (data 
not presented). Crude extracts of coleoptiles contain two additional faintly 
staining isozymes (AC03 and AC04) that are intensified in mitochondrial 
preparations (Fig. 1B) and are assigned the locus designations Aco3 and 
Aco4. Reliable segregation data have not been obtained for Aco3, but variants 
at Aco4 segregate according to Mendelian expectations (Table I). Four Aco4 
alleles have been detected to date, with the majority of publicly available 
inbreds possessing the allele Aco4-4 (Table II). 
Although there are few genetic studies of plant aconitase isozymes, the 
available data concur with the interpretation that ACO is monomeric (Brown, 
1982, 1983; Chenicek, 1984; Chenicek and Hart, 1987; Morden et al., 1988). 
In wheat (Chenicek, 1984; Chenicek and Hart, 1987) and sorghum (Morden 
et al., 1987), each genome contains two Aco loci, with products localized in 
the cytosolic and mitochondrial subcellular fractions. The relative mobilities 
of the major cytosolic and mitochondrial isozymes of maize parallel those of 
wheat and sorghum, in that the cytosolic form migrates faster than the 
mitochondrial form in all three grasses. 
Adenylate Kinase 
Adenylate kinase (ADK) isozymes have been studied in relatively few plant 
species. In maize, no ADK activity was apparent with any electrophoretic 
buffer system tested except for gels prepared with amine-citrate buffers. On 
these gels a single zone of staining was revealed, with individual plants 
displaying either one or two bands (Fig. 2). Backcross and F2 segregation data 
are in accordance with the interpretation of a single locus governing a 
monomeric enzyme (Fig. 1, Table I), to which the locus symbol Adkl is 
assigned. Adkl is a weakly polymorphic locus, with most publicly available 
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Table I. Representative Progenies Illustrating the Genetic Control 
of Six Isozyme Loci in Maize 
Locus Alleles N Expected ratio No. observed" Chi-squareb 
A col I, 4 1547 1:2:1 390:773:384 0.05 
1, 4 228 1:2:1 50:118:60 1.16 
4,6 52 1:2:1 10:26:12 0.77 
Aco4 4, 4.2 137 1:2:1 37:74:26 2.64 
4,6 52 1:2:1 16:24:12 0.92 
4,6 26 1:1 11:15 0.62 
Adkl 4,5 181 1:2:1 46:79:56 4.57 
4, 5 224 1:1 109:115 0.16 
4, 5 54 1:1 28:26 0.07 
4, 5 56 1:1 22:34 2.57 
Dial 8, 12 501 1:2:1 136:245:120 1.24 
8, 12 464 1:2:1 125:220:119 1.40 
8, 12 500 1:2:1 146:226:128 5.90 
8, 12 228 1:2:1 59:123:46 2.90 
8, 12 1925 1:2:1 518:967:440 6.36* 
8, 12 227 1:1 115:112 0.04 
8, 12 185 1:1 85:100 1.22 
8, 12 265 1:1 138:127 0.46 
8, 10 106 1:2:1 22:54:30 1.24 
8, 10 64 1:2:1 20:30:14 1.37 
Dia2 2,4 233 1:1 115:118 0.04 
4,6 1945' 1:2:1 474:963:508 1.37 
4,6 232 1:1 115:117 0.02 
4,6 302 1:1 156:146 0.33 
Sadl 2,4 84 1:2:1 19:39:26 1.60 
4, 4.5 164 1:2:1 38:95:31 4.72 
4, 5.5 60 1:2:1 19:28:13 1.47 
4,6 217 1:2:1 53:106:48 0.81 
4,6 130 1:2:1 32:63:35 0.26 
4, 6 46 1:2:1 9:26:11 0.96 
4, 6 99 1:2:1 27:51:21 0.82 
3, 4, 6d 76 1:1:1:1 21:14:23:18 2.42 
• Progeny classes listed in ascending numerical order of allelic designations, e.g., the genotypes of 
the three classes recovered in an F2 involving alleles "4" and "6" would be listed in the order 
"4/4," "4/6," "6/6." 
b Degrees of freedom are 1, 2, and 3 for 1:1, 1:2:1, and 1:1:1:1 ratios, respectively. 
'Pooled F2 data from 20 families; all 20 had nonsignificant departures from expected 1:2:1 
segregation ratios. 
d Cross was Sadl-3/4 x Sadl-3/6. The four progeny classes listed correspond to the genotypes 
Sadl-3/3. Sadl-3/4. Sadl-3j6, and Sadl-4/6, respectively. 
*Significance level is 0.05. 
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Locus 
Acol 
Aco4 
Adkl 
Dial 
Dial 
Sad I 
Table II. Migration of Electrophoretic Variants and Sources of Alleles 
for Six Isozyme Loci in Maize 
Allele Migration" Source j comments 
68 Approximately I 0% of public inbreds, 
including A671, Mo18W, CG7, K55, 
B8, N7 A, SD10, T111, Tx303, Tx325 
2 65 Very rare, source unknown 
4 62 Most common allele 
6 58 Tuxpeno (YEN 414) 
3.5 44 Ky226, Costeno (YEN 453) 
4 42 Most common allele 
4.2 41 Chococeno (CHO 333) 
6 38 OS420, Pojoso Chico (BOY 749), Negro de 
Chimaltenango (GUA 646), Gordo 
(CHH 160) 
4 95 Most common allele 
5 92 Mo25W, Tll5, Mt42, Tl39, Polio (BOL 
453), Negro de Tierra Fria (GUA 410) 
8 91 Most common allele 
10 86 Polio (YEN 383), Quicheno Early (GUA 
162) 
12 78 Approximately 20% of public lines 
n NC7, T220A, PA353P, T61, MP307 
2 75 K69-2 Central plateau (teosinte) 
3.5 72.5 Pepitilla Gro3 
3.8 71.5 Negro de Chimaltenango (GUA 369) 
4 71 Most common allele 
6 67 Mo24W, 33-16, Tx601, Cherokee 7 
2 41 Conico (PUE 109) 
3 36b Negro de Chimaltenango (GUA 369) 
4 37 Approximately 60% of public lines 
4.5 35.5 Approximately 40% of public lines 
5.5 32 Chococeno (CHO 356) 
6 29 Negro de Chimaltenango (GUA 369) 
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"Migration distances of allelic products are given in millimeters from the origin. Distances of 
SAD! variants, which are double or triple banded, are for the most anodal band on amine-
citrate gels. 
bSADl-3 is a reverse-mobility variant: it migrates 2 mm anodal to SADl-4 on Tris--citrate gels 
but 1 mm cathodal to SADl-4 on amine-citrate gels. 
inbreds and racial collections containing the allele Adkl-4. The only variant 
found to date, Adkl-5, occurs in a variety of Latin American accessions as 
well as the inbreds Mo25W, Tl15, Mt42, and Tl39 (Table II). Studies of 
organellar preparations suggest that maize ADK is localized in the chloro-
plasts, a finding that is consistent with other reports (Edwards and Huber, 
1981; Murakami and Stratmann, 1978). 
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Fig. 2. Genetic segregation in a gel stained for adenylate 
kinase (ADK). Migration is toward the top (anode) of the 
figure. Each Adkl allele specifies a product that is active as 
a monomer. Adkl-4/4 and Adkl-5/5 plants are shown by 
the left and right arrows, respectively. Heterozygotes are 
apparent as two-banded individuals. 
NADH Dehydrogenase 
A heterogeneous assemblage of plant enzymes is capable of using reduced 
pyridine cofactors (NADH, NADPH) to reduce synthetic acceptor sub-
strates, including those referred to as "diaphorase" or "menadione reduc-
tase." Several different staining protocols exist, varying with respect to 
substrate, buffer pH, and constituent molarities (e.g., Harris and Hopkinson, 
1976; Vallejos, 1983). The in vivo functions of the isozymes revealed by these 
assays are generally not known, and our present understanding of the 
homologies across taxa and specificities of the resolved proteins is limited. In 
maize, both the staining method detailed above and the commonly used 
protocol for "menadione reductase" (10 mg NADH, 10 mg nitroblue tetrazo-
lium, 25 mg menadione in 50 ml 50 mM Tris-HCl, pH 7.0) reveal the same 
zones of activity, although banding is sharper and activity higher with the 
former stain. The isozyme symbol DIA and locus prefix Dia are retained here 
for nomenclatural consistency with earlier brief reports (Sisco et a/., 1987; 
Wendel eta/., 1985a, b, 1986a). 
Four zones of activity are apparent on gels stained for DIA. Both the 
fastest- and the slowest-migrating bands are intensified in mitochondrial 
subcellular fractions. Penetrance is variable for the bands in these regions, and 
electrophoretic variants are not yet genetically interpretable. The two remain-
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ing sets of bands (designated DIAl and DIA2) are absent in both chloroplast 
and mitochondrial preparations and, consequently, are considered to be 
cytosolic isozymes. Of these, the most anodal is encoded by a single locus, 
Dial, governing a functionally monomeric enzyme. Phenotypes of individuals 
that are homozygous or heterozygous are one and two banded, respectively 
(Fig. 3A). Progeny resulting from self-pollinating a heterozygous two-banded 
Dial-8/12 individual consist of plants that express either DIAl-8, DIAl-12, 
or the F1 phenotype at ratios that are in accordance with Mendelian 
expectations (Fig. 3A, Table 1). Backcross and F2 segregation data substan-
tiate the presence of three Dial alleles (Table 1). Dial-10 is an extremely rare 
variant, but both Dial-8 and Dial-12 are common in domestic germplasm 
(Table II). An additional variant that is electrophoretically "null" occurs in 
the inbred lines NC7, PA353P, T61, MP307, and T220A. 
The single case of skewed segregation observed at Dial was in an F2 of 
the inbreds CM37 and T232 (x2 = 6.36; p < 0.05). In this unusual progeny, 
12 of the 18 marker loci scored exhibited distorted segregation, the details of 
which have been previously discussed (Wendel eta!., 1987). 
Expression in the remaining zone of DIA activity is under the genetic 
control of a locus designated Dia2. Intercrossing individuals that are true-
breeding for variant forms results in hybrids that possess both parental 
allozymes as well as a band of intermediate mobility, suggesting that DIA2 
enzymes are functionally dimeric. Genetic segregation data from numerous 
large progenies support this interpretation (Table 1). Five Dia2 alleles have 
been detected, of which four are relatively rare (Table II). The most common 
allele in both domestic and exotic germplasm is Dia2-4. The inbred line Tx601 
possesses Dia2-6. 
Shikimate Dehydrogenase 
A single zone of activity is evident on gels stained for shikimate dehydroge-
nase (SAD). Inbred lines display two primary bands, with a very faint, more 
slowly migrating, third band occasionally present. Crosses among true-
breeding individuals bearing different two-banded phenotypes resulted in 
hybrids that expressed all parental bands but no novel heteromeric bands. 
Overlap of closely spaced electromorphs often reduced the band number in 
hybrids to three or even two more broadly staining bands. Self-pollination of 
F 1 plants produced three classes of progeny, the two parental double-banded 
phenotypes and the hybrid phenotype. These observations suggest that a 
single locus governs SAD expression in maize and that each allele is associated 
with two bands that cosegregate and are functional as monomers. This 
interpretation would have precedent, in that cosegregating double-banded 
allozymes of SAD are reported in several other plant taxa (Harry, 1986; 
Jarret and Litz, 1986; Tanksley, 1984; Weeden, 1984). Single-banded allo-
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Fig. 3. NADH dehydrogenase isozymes in maize (DIA). Enzyme migration 
is toward the top (anode) of the figure. (A) Dial encodes products that are 
functional as monomers. Segregation of alleles in progeny of a self-fertilized 
heterozygous Dial-8/12 plant is illustrated. Alternate homozygous individu-
als (Dial-8/8 and Dial-12/1 2) are shown (left and right arrows, respec-
tively), and heterozygous plants have a two-banded phenotype. All plants in 
this figure are homozygous for the most common allele at Dia2 (Dia2-4/4), 
which encodes the dark allozyme immediately below DIAl-12. Additional 
faintly staining isozymes of unknown genetic origin are apparent in two 
zones; one anodal to DIAl-8 and the other cathodal to DIA2. (B) Dia2 
encodes polypeptides that associate into dimers. Products of three alleles are 
illustrated: Dia2-6 (first arrow from left), Dia2-2 (second arrow; homodimer 
migrates just below DIAl-12), and Dia2-4 (third arrow). Three-banded 
heterozygous plants (Dia2-2j4) are apparent in the central lanes of the gel. 
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zymes of SAD have also been reported in a wide variety of plants (e.g., 
Gastony and Gottlieb, 1985; Koebner and Shepherd, 1982; Millar, 1985). 
Segregation analyses of numerous progenies (Table I, Fig. 4) support the 
interpretation that maize SAD follows a single-locus double-banded allele 
model; accordingly, the encoding locus is designated Sadl. 
SAD! can be resolved on both Tris-citrate and amine-citrate gels. The 
latter buffer system is generally preferred, as staining intensity is higher and 
the bands are sharper. Discrimination of all variants detected, however, 
requires the use of both gel systems; Sadl-3 encodes products that are 
difficult to distinguish from SADl-4.5 on amine-citrate gels but migrate 
3mm anodal to SADl-4.5 on Tris-citrate gels. Because Sadl-3 is a rare allele, 
and because other variants are equally well distinguished using either buffer 
system, we often use only amine-citrate gels. Scoring of the two alleles 
(Sadl-4, Sadl-4.5) frequently observed in domestic germplasm requires 
carefully controlled conditions, as their migration differential is relatively 
small (Table II, Fig. 4). 
There are conflicting reports regarding the subcellular localization of 
shikimate dehydrogenase in higher plants. The primary isozyme in several 
species has been localized to the chloroplast (Feierabend and Brassel, 1977; 
Weeden and Gottlieb, 1980; Weeden and Robinson, 1986), but activity 
associated with the supernatant fraction (cytosol) has also been reported 
(Balinsky and Davies, 1962; Jensen, 1985; Rothe, 1974). Jensen (1985) has 
suggested that duplicate cytosol-chloroplast pathways may exist for aromatic 
amino acid biosynthesis, each with its own complement of spatially separated 
enzymes. Our results are equivocal in this regard; electrophoresis of purified 
chloroplast extracts from individuals carrying either SADl-4 or SADl-4.5 
yielded a single very faint band that migrated approximately 3 mm slower 
than SADl-4.5. This band is not observed in crude coleoptilar extracts. These 
data suggest two possibilities: ( 1) that SAD 1 is a cytosolic isozyme and that an 
additional isozyme localized to the chloroplast exists at a concentration too 
low to observe in crude extracts; and (2) that the faint band observed in 
chloroplast extracts is an artifact or a modified form of the cytosolic isozyme 
SADl. At the minimum, the present data suggest that the majority of 
shikimate dehydrogenase activity in maize is associated with the cytosolic 
(soluble) fraction. 
Linkage Analysis 
Chromosomal locations of the loci presented here were determined by 
studying joint segregation with previously mapped allozyme loci (Goodman et 
al., 1980b; Goodman and Stuber, 1983b; Wendel et al., 1985b, 1986a, b) and 
by crosses with appropriate morphological markers and B-A translocation 
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A 
B 
1 2 3 
Fig. 4. Zymograms of shikimic acid dehydrogenase (SAD) resolved on amine-citrate gels. (A) A 
single locus (Sadl) governs SAD expression in maize. Each allele is associated with two bands. 
Phenotypes of two homozygous genotypes are illustrated: arrows mark lanes of Sadl-4/4 
individuals; all other lanes are Sadl-4.5/4.5. (B) Heterozygous plants display additive (four-
banded) patterns, although band overlap often reduces the number to three or even two more 
broadly staining bands. Lanes I , 2, and 3 correspond to plants with the genotypes Sadl-6/6, 
Sadl-4/6, and Sadl-4/4, respectively. The arrow marks a homozygous Sad/ -4.5/4.5 individual. 
(C) Additional SAD! variation. Genotypes are as follows: Lane I , Sadl-2/2; Lane 2, Sadl-4/4: 
Lane 3, Sad/-4.5/4.5; Lane 4, Sadl-6/6; Lane 5, Sadl-4/6. 
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stocks. In most cases, several progenies were generated for each locus in order 
to provide independent tests of linkage and several estimates of recombination 
percentages. B-A translocations involve an interchange between supernumer-
ary B chromosomes and members of the normal chromosome complement. 
Their usefulness in locating genes to chromosome arm has been discussed by 
Beckett (1978, 1988). Their most salient feature is that when used as male, 
mitotic nondisjunction in the developing pollen results in gametes that fail to 
transmit the portion of the chromosome arm distal to the translocation 
breakpoint, which results in zygotes that are hypoploid for this part of the 
genome. Thus, hypoploids will express only the allele from the female parent. 
Selection of female tester lines that possess allozyme alleles not found in the 
B-A translocation stocks allows allozyme loci to be mapped to the chromo-
some arm in a single generation, by screening for progeny that express only 
the tester allele. In all cases, self-pollination was eliminated as the explanation 
for expression of only the tester allele by confirming heterozygosity at other 
allozyme loci that differentiated the parents. 
Evidence has been obtained regarding the chromosomal locations of all 
polymorphic allozyme loci presented here except Aco4. In addition, the 
previously described but unmapped marker Acp4 (acid phosphatase; Kahler, 
1983) was localized during these investigations. The remaining loci have been 
mapped to chromosomes 1, 2, 4, 6, and 10. 
Chromosome 1 
Previous work has demonstrated the presence of seven allozyme loci on the 
long arm of chromosome 1: Ampl, Mdh4, mmm, Pgml, Adhl, Phil, and 
Gdhl (Goodman eta!., 1980b; Ott and Scandalios, 1978). Preliminary data 
from several small F2 and test-cross families suggested that both Dia2 and 
Acp4 (Kahler, 1983) also reside on 1L. Their placement on 1L was confirmed 
by the four- and three-point test-cross data in Table III. The numbers of 
single-crossover (SCO) and double-crossover (DCO) recombinants estab-
lished the gene order Acp4-Dia2-Phil-Adhl (Fig. 5). Recombination per-
centages were 12.6% for the segment Acp4-Dia2 and 14.6% (averaged across 
families) for the segment Dia2-Phil. The average value of 14.0% recombina-
tion observed between Phil and Adhl is in close agreement with previous 
estimates for these two markers (Goodman eta!., 1980b). 
Chromosome 2 
Dial was initially localized to chromosome 2 by analysis of a single large 
(N = 1840) F2 family from the inbred lines CM37 (Dial-8, B) and T232 
(Dial-12, b). This family was synthesized for other reasons (Edwards eta!., 
1987; Stuber eta!., 1987) but fortuitously segregated for the color factor BJ 
(chromosome position 2-49). Plants carrying the dominant allele have antho-
cyanin pigmentation in various plant parts, while bb homozygotes do not 
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Table III. Numbers of Recombinant and Parental Chromosome Types in Two Test-Cross 
Families for Several Allozyme Loci on the Long Arm of Chromosome 1 in Maize 
Testcross A 
Acp4-2-Dia2-6-Phi 1-4-Adhl-4 
------'--:-::--::--c-::--:-::-:--:-::--:-:-:---:c x Acp4-2/2-Dia2-4j4-Phil-4j4-Adhl-4j4 
Acp4-3-Dia2-4-Phil-8-Adh 1-2 
Testcross B 
Dia2-6-Phil-4-Adhl-4 
Dia2_4_Phil-B-Adhl-2 x Dia2-4j4-Phil-4j4-Adhl-4/4 
Single crossovers" Double crossovers" 
Parental 
Types II III 1,11 I,III 11,111 
Testcross A 102 14 14 15 2 0 3 
(N ~ 302) 92 19 20 18 3 0 0 
Total 194 33 34 33 5 0 3 
Recombination% 12.6 13.9 11.9 
(SE) (1.9) (2.0) (1.9) 
Testcross B 74 17 18 0 
(N ~ 232) 84 18 20 1 
Total 158 35 38 1 
Recombination % 15.5 16.8 
(SE) (2.4) (2.5) 
"Regions I, II, and III refer to the segments Acp4-Dia2, Dia2-Phil, and Phil-Adhl, 
respectively. Gametic genotypes for each entry in the upper row begin with the upper left allele 
in the cross, viz., Acp4-2 for test cross A and Dia2-6 for test cross B; those for the lower row begin 
with the lower left allele, viz., Acp4-3 for test cross A and Dia2-4 for test cross B. No triple 
crossovers were observed. 
[scoring in this population was the presence (B-) or absence (bb) of 
coloration in the basal pulvinus of the tassel glumes]. Joint segregation data 
for Bland Dial are presented in Table IV. These data clearly indicate linkage 
with 22.2% recombination. In order to determine whether Dial is located 
proximally or distally to Bl, an additional F2 was constructed between a 
Dial-12 inbred line and a Dial-8 line carrying the recessive markers glossy 
(g/2, 2-30) and liguleless (lgl, 2-11). In this family (N = 128), Dial 
segregated independently of lgl and had 28.2% recombination with g/2 
(Table IV, Fig. 5). Recombination between the two morphological markers 
(19.2%) was in close agreement with published values. These data suggest 
that Dial lies proximal to Bl, perhaps in the vicinity of the centromere. 
Chromosome 4 
Initial information on the map location of Acol came from analyses of F1 
progenies between Acol tester lines (Acol-1) and various B-A translocation 
stocks (all studied have Acol-4). The majority of chromosome arms was 
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10.5 15.5 
1~[bm2J------1 
Amp! Mdh4 mmm1 Pgm1 Adh1 Phil Dia2 Acp4 
Chromosome 1 :~et-fl-7-.-6--+1-4-.-4 -lll--1- 9-_0-41-5-_8-lll--14-_0--lll--1-4_-6-ll--1-2_-6-+l-
Aco1 
7jsu~7 
Chromosome 4: -------1~1-+_...,_ ______________ _ 
6.2 6.2 ~ 
TB-4Sa 
Adk1 rgd1 Pgd1 Enp1 Hex2 ldh2 Mdh2 
Chromosome 6: --lli-8-_1-\l-l-7-_6--ll~~-4-_0~11---4-2-.0---fl---4-3-_0-----fi2-.~011---
TB-6Sa TB-6Lc 
Fig. 5. Linkage relationships among allozyme markers on maize chromosomes 1, 2, 4, 
and 6. Centromeres (circles) divide the maps into short (to the left) and long (to the right) 
arms. Recombination fractions and B-A translocation breakpoints are given below the 
maps, and locus symbols above. Locus symbols for allozyme markers are as follows: Acol, 
aconitate hydratase; Acp4, acid phosphatase; Adhl, alcohol dehydrogenase; Adkl, 
adenylate kinase; Ampl, aminopeptidase; Dial, Dia2, NADH dehydrogenase; Enpl, 
endopeptidase; Hex2, hexokinase; Idh2, isocitrate dehydrogenase; Mdh2, Mdh4, malate 
dehydrogenase; mmmi, modifier of mitochondrial malate dehydrogenase; Pgdl, phos-
phogluconate dehydrogenase; Pgmi, phosphoglucomutase; Phil, phosphohexose isomer-
ase. Several of the morphological markers used in the mapping experiments are also 
shown: bm2, brown midrib; lgi, liguleless; g/2, glossy; Bl, colored plant; sui, sugary; 
rgdi, ragged seedling. The ordering of bm2 and Dia2 (on chromosome 1) and Acoi and 
sui (on chromosome 4) is uncertain, as is the placement of the chromosome 6 markers 
rgdi and Pgdl relative to the centromere. 
tested, and hypoploid F1's were recovered only using the B-A translocation 
stock TB-4Sa. Of the 27 individuals examined in two small families, 8 were 
hypoploid, i.e., expressed only the tester allele. Confirmation that Acol is 
located on chromosome 4 came from analyses of two F2 families segregating at 
Acol and sugary (sui), which is located near the centromere of chromosome 4 
(Fig. 5). Only the sugary-kernelled segregates (sujsu) were scored for Acol. 
Of 452 gametes tested, 28 were recombinant types, indicating approximately 
6.2% recombination between Acol and sui (data were pooled, as recombina-
tion estimates were homogeneous for the two families). 
Chromosome 6 
Five allozyme loci have been shown to reside on chromosome 6, i.e., Pgdl, 
Enpl, Hex2, Idh2, and Mdh2 (Goodman et al., 1980a, b; Goodman and 
Stuber, 1983b; Wendel et al., 1986b). Three-point test crosses involving two 
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Table IV. Joint F2 Segregation Data and Maximum-Likelihood Estimates of Recombination 
Percentages (r) for the Allozyme Locus Dial and the Morphological Markers Bl 
(colored plant), g/2 (glossy), and lgl (liguleless) on Chromosome 2 of Maize 
Genotypes" 
Locus pair N XtYt XIY2 X2YI X2Y2 X3Yt X3Y2 x2(df) r(SE)b 
(A) F2 of CM37 (Dial-8,B) and T232 (Dial-12,b) 
Dial-Bl 1840 26 393 164 757 314 186 452.3(2) 22.2 (1.1) 
(B) F2of Dial-8,gl2,lgl x Dail-12,+,+ 
Dial-gl2 127 20 13 15 49 4 26 19.7(2) 28.4 ( 4.6) 
Dial-lgl 128 14 18 15 50 9 21 4.4(2) 
"X and Y refer to the first and second locus listed for each locus pair. Genotypes are as follows. 
Dial: XI~ 8/8; x2 ~ 8/12; x3 ~ 12/12. Bl: yl ~ bfb; y2 ~ B/b and B/B combined. g/2: yl ~ 
glfgl; Y2 ~ Glfgl and Gl/Gl combined. lgl: Y 1 ~ lgflg; Y 1 ~ Lgflgand Lg/Lgcombined. 
hRecombination fraction not estimated if chi-square for independence has an associated 
probability of greater than 0.05. 
of these loci and Adkl are presented in Table V. These data establish linkage 
between the above loci and Adkl and, in conjunction with data indicating that 
TB-6Lc uncovers Enpl but not Pgdl (Wendel et al., 1986b), suggest that the 
correct gene order is Adkl-Pgdl-Enpl. Recombination percentages for the 
segments Adkl-Pgdl and Pgdl-Enpl were calculated to be 14.4 and 4.0%, 
respectively. These data also suggest that Adkl is located on 6S, which is one 
of the most poorly mapped chromosome arms in the genome. Table V also 
presents segregation data for an F2 involving these same three allozyme loci 
and the morphological marker rgdl (ragged seedling; position 6-8). Calcu-
lated recombination percentages for the two segments Adkl-Pgdl and 
Pgdl-Enpl were nearly identical to the test-cross results, being 14.1 and 
3.7%, respectively. Moreover, the data indicate that rgdl is approximately the 
same distance from Adkl (8.1% recombination) as it is from Pgdl (7.6% 
recombination). Adkl, therefore, must lie approximately 8 centimorgans 
(eM) distal to rgdl (Fig. 5). Final confirmation that Adkl is on 6S was gained 
from a cross of the B-A translocation stock TB-6Sa (as male) onto the inbred 
line Mt42, which carries the rare variant Adkl-5. Seven hypoploids (those 
that display only the tester allele) were recovered from the 51 seedlings 
analyzed. These same seven plants were heterozygous for numerous other 
isozyme markers, ruling out the possibility that they resulted from contami-
nating self-pollinations. 
Chromosome 10 
Sadl was mapped to chromosome 10 by analyzing joint F2 segregation with 
the allozyme marker Glul (Pryor, 1978; Stuber et al., 1977). The data in 
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Table V. Test-Cross and F2 Segregation Data and Maximum-Likelihood Estimates 
of the Recombination Percentages (r) for Five Markers Near the Centromere 
of Chromosome 6 of Maize 
(A) Pooled test-cross data from 2 families (N ~ 278) 
Adkl-5-Pgdl-2-Enpl-10 
---=------=--- x Adkl-4/4-Pgdl-3.8/3.8-Enpl-6/6 
Adkl-4-Pgdl-3.8-Enpl-6 
Single crossovers" 
439 
Parental types II Double crossovers 
111 20 3 3 
120 16 4 1 
Total 231 36 7 4 
Recombination % 14.4 4.0 
(SE) (2.1) (1.2) 
(B) F2 of Adkl-4,rgd,Pgdl-3.8,Enpl-10 x Adkl-5, + ,Pgdl-2,Enpl-6 (N ~ 181) 
Genotypeb 
Loci XIYI XIY2 XIYJ X2YI X2Y2 X2Y3 XJYI X3Y2 X3Y3 x2(df) r (SE) 
Adkl-rgdl 46 0 74 5 10 46 117.3(2) 8.1 
(2.1) 
Adkl-Pgdl 0 14 32 9 57 13 44 12 0 143.3(4) 14.1 
(2.0) 
Adkl-Enpl 0 16 30 9 55 15 39 17 0 116.3(4) 17.0 
(2.2) 
rgdl-Pgdl 8 77 45 45 6 0 119.9(2) 7.6 
(2.0) 
rgdl-Enpl 6 79 45 42 9 0 115.1(2) 8.2 
(2.1) 
Pgdl-Enpl 46 7 0 2 79 2 0 2 43 291.9(4) 3.7 
(1.0) 
"Regions I and II refer to the chromosome segments Adkl-Pgdl and Pgdl-Enpl, respectively. 
Gametic genotypes for each entry in the upper row begin with the upper left allele in the cross, 
viz., Adkl-5; those for the lower row begin with the lower left allele, viz., Adkl-4. 
bX and Y refer to the first and second locus listed for each locus pair. Genotypes are as follows. 
Adkl: XI ~ 5/5; x2 ~ 4/5; XJ ~ 4/4. rgdl: XI ~ +I+ and + jrgd combined; x2 ~ rdg/rdg, 
except substitute Y for X in the Adkl-rgdl line. Pgdl: Y 1 ~ 3.8/3.8; Y2 ~ 2/3.8; Y3 ~ 2/2, 
except substitute X for Yin the Pgdl-Enplline. Enpl: Y 1 ~ 10/10; Y2 ~ 6/10; Y3 ~ 6/6. 
Table VI demonstrate tight linkage between these two loci, with less than 1% 
recombination. 
DISCUSSION 
Linkage analyses and crosses with B-A translocation stocks were successful in 
establishing map locations for five new allozyme marker loci (Acol, Adkl, 
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Table VI. F2 Segregation Data and Maximum-Likelihood Estimates of Recombination 
Percentages (r) from Two Families, Demonstrating Tight Linkage Between 
208 53 
99 0 
the Two Allozyme Loci Sadl and Glul on Chromosome 10 of Maize 
1 
0 
0 
21 
0 
0 
Genotype" 
104 
51 
1 
0 
0 
26 
2 
0 
47 392.0(2) 1.0 0.5 
0 192.5(2) 0.4 0.4 
"X andY refer to Glul and Sad I, respectively. Genotypes for the first (and second) families are 
as follows: XI~ 1/1 (2/2); x2 ~ 1/2.5 (2/6); x3 ~ 2.5/2.5 (6/6); yl ~ 4/4; y2 ~ 4j6; y3 ~ 6/6. 
Dial, Dia2, Sad I) and an additional but previously unmapped locus (Acp4). 
Several of these loci map to regions of the genome that are poorly marked or 
expand the genetic length of particular chromosome segments (Fig. 5). 
Acp4 and Dia2 were both mapped to the long arm of chromosome 1, 
increasing the number of allozyme markers on this arm to nine (Fig. 5). 
Test-cross data (Table III) indicate that Acp4 and Dia2 are both distal to 
Phil, previously the most distal allozyme marker on 1 L. Map distances for the 
segments Dia2-Phil and Acp4-Dia2 were calculated as 14.6 and 12.6 eM, 
respectively, suggesting that Acp4 and perhaps Dia2 are distal to bm2 (brown 
midrib), previously the most distal marker on 1L. An additional test cross 
involving the loci Phil, Acp4, bm2, and gs (green stripe) confirms the 
recombination estimate of 27.2% reported here for the segment Acp4-Phil 
and demonstrates that Acp4 is indeed distal to bm2, by approximately 15.5 
eM (Sisco et al., 1987). Accordingly, Dia2 and bm2 must be closely linked, 
but the gene order for these two loci cannot be ascertained from these data. 
The data in Table IV establish Dial as the first allozyme marker for 
chromosome 2 and indicate that it probably lies on the short arm in the 
vicinity of the centromere (Fig. 5). The recombination estimate of 22.2% with 
Bl (2-49) was from a large F2 family (N = 1840) and is associated with a very 
small standard error ( 1.1% ). Higher values of recombination (Table IV) were 
obtained in smaller F2 progenies with the markers g/2 (2-30) and lgl (2-11), 
indicating that Dial is proximal to Bl, probably near /11 (floury endosperm; 
2-68) or ts 1 (tassel seed; 2-7 4). 
Acol was mapped to chromosome 4 by use of the translocation stock 
TB-4Sa and by observing approximately 6.2% recombination with sui 
(sugary; 4-66). These data suggest a map location of either 4-60 or 4-72 for 
Acol (Fig. 5). Test crosses involving Acol, sui, and additional linked markers 
are required to clarify correct gene order. 
Our present understanding of the linkage relationships among allozyme 
markers on chromosome 6 is summarized in Fig. 5. Test-cross and F2 data 
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(Table V) and crosses with TB-6Sa clearly place Adkl on the poorly marked 
short arm. Because neither rgdl nor Pgdl is uncovered by TB-6Sa or TB-6Lc 
(Enpl is uncovered by TB-6Lc, however; Wendel eta/., 1986b ), their ordering 
relative to the centromere is still uncertain. 
Less than 1% recombination was observed between Sadl and Glul 
(Table VI), demonstrating tight linkage of these two markers on chromosome 
10. Glul is approximately 12 map units from Gdh2 (Goodman and Stuber, 
1983b) and 6 map units from Cxl (Pryor, 1978). The order of these markers 
on chromosome 10 remains to be elucidated. 
Unlike many maize isozyme systems, the bulk of those reported here 
shows no evidence of gene duplication. Previous linkage work among maize 
allozyme loci has demonstrated parallel linkage groups among several sets of 
duplicated genes (Goodman et al., 1980b; Wendel et al., 1986b). This 
observation has been interpreted to support the hypothesis, first articulated by 
Rhoades (1951), that the genome of maize has an evolutionary history that 
includes extensive chromosome segment duplication or polyploidy. Recent 
work using restriction fragment length polymorphisms (RFLPs) has provided 
considerable support for this interpretation (Helentjaris et al., 1986, 1988). It 
is of interest to compare the map positions reported here with the extensive 
RFLP maps of Helentjaris et al. (1988), paying particular attention to the 
extent of fragment duplication in regions of the genome marked by allozyme 
markers. Only a single isozyme was observed for both SAD and ADK, 
encoded by loci on chromosomes 6 and 10, respectively. Helentjaris et al. 
(1988) reported fragment duplication for all chromosomes, although few were 
located in the regions of chromosomes 6 and 10 marked by Adkl and Sadl. 
Similarly, numerous duplicated cloned fragments were reported for chromo-
somes 2 and 7, but no fragments that mapped to the region of chromosome 2 
marked by Dial were duplicated on chromosome 7. Dia2 and Acp4, which 
were localized to the distal portion of 1L, also are isozyme loci that apparently 
exist in single copies. Stain assays for DIA and ACP are nonspecific and are 
likely to result in the visualization of heterogeneous, nonhomologous products. 
Dia2 and Acpl (on 9) each encode polypeptides that associate into dimers, 
whereas Dial and Acp4 products are functional as monomers. There is thus no 
evidence that these locus pairs represent duplication events. Moreover, the 
RFLP data of Helentjaris eta/. ( 1988) are congruent with the suggestion that 
the distal portion of lL is not duplicated. ACO is the only isozyme system 
reported here that may possess duplicated encoding loci, although our data at 
present are insufficient to justify this interpretation. The only locus mapped to 
date, Acol, lies in a region of chromosome 4 that possesses a low percentage of 
duplicated cloned fragments, however. Additional studies are required to 
explore the possibility that pairs of duplicate genes encode the poorly 
understood and weakly staining organellar forms of ACO. In summary, it 
appears that the RFLP and isozyme data are concordant; duplicate pairs of 
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isozyme loci map to chromosome segments bearing extensive fragment 
duplication (Helentjaris et al., 1988), while single-copy isozyme loci appar-
ently do not. 
The evidence presented here establishes 10 new isozyme loci for maize, of 
which 6 are polymorphic and genetically well understood. Among these six 
loci, Dial and Acol are likely to be the most readily useful as genetic markers, 
owing to their relatively high levels of polymorphism in commercially impor-
tant maize germplasm and the ease of electrophoretic discrimination among 
the common alleles (Sad! is more polymorphic, but the two common alleles 
are difficult to distinguish). Sources of variants have been identified for all of 
the loci and are presented in Table II. Wherever possible, publicly available 
inbreds have been listed, in order to facilitate marker selection. In addition, 
multiple-point marker stocks are presently being synthesized for each maize 
chromosome that bears more than a single isozyme locus. These stocks will be 
homozygous for rare and electrophoretically extreme variants at every locus 
and will be made available to the scientific community through the Maize 
Genetics Cooperation Stock Center. 
REFERENCES 
Allard, R. W. (1956). Formulas and tables to facilitate the calculation of recombination values in 
heredity. Hilgardia 24:235. 
Balinsky, D., and Davies, D. D. (1962). Aromatic biosynthesis in higher plants. IV. The 
distribution of dehydroshikimic reductase and dehydroquinase. J. Exp. Bot. 13:414. 
Beckett, J. B. ( 1978). B-A translocations in maize. I. Use in locating genes by chromosome arms. 
J. Hered. 69:27. 
Beckett, J. (1988). Cytogenetic, genetic and plant breeding applications of B-A translocations in 
maize. In Tsuchiya, T., and Gupta, P. K. (eds.), Chromosome Engineering in Plants-
Genetics, Breeding, Evolution, Elsevier, Amsterdam. 
Bretting, P. K., Goodman, M. M., and Stuber, C. W. (1987). Karyological and isozyme variation 
in West Indian and allied American mainland races of maize. Am. J. Bot. 74:1601. 
Brown, A. H. D. (1982). Population-genetic structure and optimal sampling of land races of 
barley from Iran. Genetica 58:85. 
Brown, A. H. D. (1983). Barley. In Tanksley, S.D., and Orton, T. J. (eds.), Isozymes in Plant 
Genetics and Breeding, Part B. Elsevier, Amsterdam. 
Cardy, B. J., and Kannenberg, L. W. (1982). Allozymic variability among maize inbred lines and 
hybrids: Applications for cultivar identification. Crop Sci. 22:1016. 
Cardy, B. J., Stuber, C. W., Wendel, J. F., and Goodman, M. M. (1983). Techniques for Starch 
Gel Electrophoresis of Enzymes from Maize (Zea mays L.), rev. ed., Institute of Statistics 
Mimeograph Series No. 1317R, North Carolina State University, Raleigh. 
Chenicek, K. J. ( 1984 ). Evidence for the Genetic Control and Subcellular Locations of Aconitase 
Isozymes in Triticeae species, M.S. thesis, Texas A&M University, College Station. 
Chenicek, K. J., and Hart, G. E. (1987). Identification and chromosomal locations of aconitase 
gene loci in Triticeae Species. Theor. Appl. Genet. 74:261. 
Clayton, J. W., and Tretiak, D. N. (1972). Amine-citrate buffers for pH control in starch gel 
electrophoresis. J. Fish. Res. Board Can. 29:1169. 
Doebley, J. F., Goodman, M. M., and Stuber, C. W. (1983). Isozyme variation in maize from the 
southwestern United States: Taxonomic and anthropological implications. Maydica 28:97. 
New Isozyme Systems for Maize 443 
Doebley, J. F., Goodman, M. M., and Stuber, C. W. (1984). Isoenzymatic variation in Zea 
(Gramineae). Syst. Bot. 9:203. 
Doebley, J. F., Goodman, M. M., and Stuber, C. W. (1985). Isozyme variation in the races of 
maize from Mexico. Am. J. Bot. 72:629. 
Doebley, J. F., Goodman, M. M., and Stuber, C. W. (1986). Exceptional genetic divergence of 
northern flint corns. Am J. Bot. 73:64. 
Doebley, J. F., Wendel, J. F., Smith, S.C., Stuber, C. W., and Goodman, M. M. (1987). The 
origin of cornbelt maize: The isozyme evidence. Econ. Bot. 42:120. 
Edwards, G. E., and Huber, S. C. (1981). The C4 pathway. In Hatch, M. D., and Boardman, 
N. K. (eds.), The Biochemistry of Plants, Vol. 8. Photosynthesis, Academic Press, New 
York. 
Edwards, M. D., Stuber, C. W., and Wendel, J. F. (1987). Molecular marker facilitated 
investigations of quantitative trait loci in maize. I. Numbers, genomic distribution, and types 
of gene action. Genetics 116:113. 
Feierabend, J., and Brassel, D. (1977). Subcellular localization of shikimic dehydrogenase in 
higher plants. Z. Pjlanzenphysiol. 82:334. 
Gastony, G. J., and Gottlieb, L. D. (1985). Genetic variation in the homosporous fern Pellaea 
andromedifolia. Am. J. Bot. 72:257. 
Goodman, M. M., and Stuber, C. W. (1980). Genetic identification of lines and crosses using 
isoenzyme electrophoresis. Corn Sorghum Res. Conf Proc. 35:10. 
Goodman, M. M., and Stuber, C. W. (1983a). Races of maize. VI. Isozyme variation among 
races of maize in Bolivia. M aydica 28:169. 
Goodman, M. M., and Stuber, C. W. (1983b). Maize. In Tanksley, S.D., and Orton, T. J. (eds.), 
Isozymes in Plant Genetics and Breeding, Part B, Elsevier. Amsterdam. 
Goodman, M. M., Stuber, C. W., Lee, C. -N., and Johnson, F. M. (1980a). Genetic control of 
malate dehydrogenase isozymes in maize. Genetics 94:153. 
Goodman, M. M., Stuber, C. W., Newton, K., and Weissinger, H. H. (1980b). Linkage 
relationships of 19 enzyme loci in maize. Genetics 96:697. 
Harris, H., and Hopkinson, D. A. (1976). Handbook of Enzyme Electrophoresis in Human 
Genetics, North-Holland, Amsterdam. 
Harry, D. E. (1986). Inheritance and linkage of isozyme variants in incense-cedar. J. Hered. 
77:261. 
Helentjaris, T., Weber, D. F., and Wright, S. (1986). Use of monosomics to map cloned DNA 
fragments in maize. Proc. Nat!. Acad. Sci. USA 83:6035. 
Helentjaris, T., Weber, D. F., and Wright, S. (1987). Duplicate sequences in maize and 
identification of their genomic locations through restriction fragment length polymorphisms. 
Genetics 118:353. 
Jarret, R. L., and Litz, R. E. (1986). Enzyme polymorphism in Musa acuminata Colla. J. Hered. 
77:183. 
Jensen, R. A. (1985). The shikimatejarogenate pathway: Link between carbohydrate metabolism 
and secondary metabolism. Physiol. Plant. 66:164. 
Kahler, A. L. (1983). Inheritance and linkage of acid phosphatase locus Acp4 in maize. J. Hered. 
74:239. 
Koebner, R. M. D., and Shepherd, K. W. (1982). Shikimate dehydrogenase-a biochemical 
marker for group 5 chromosomes in the Triticinae. Genet. Res. Cambr. 41:209. 
Millar, C. I. (1985). Inheritance of allozyme variants in bishop pine (Pinus muricata D. Don). 
Biochem. Genet. 23:933. 
Morden, C. W., Doebley, J. F., and Schertz, K. F. (1988). Genetic control and subcellular 
localization of aconitase isozymes in Sorghum. J. Hered. (in press). 
Murakami, S., and Stratmann, H. (1978). Adenylate kinase bound to envelope membranes of 
spinach chloroplasts. Arch. Biochem. Biophys. 185:30. 
Ott, L., and Scandalios, J. G. (1978). Genetic control and linkage relationships among 
aminopeptidases of maize. Genetics 89: 13 7. 
Pryor, A. J. (1978). Mapping of glucosidase on chromosome 10. Maize Genet. Coop. Newslett. 
52:14. 
Rhoades, M. M. (1951). Duplicate genes in maize. Am. Nat. 85:105. 
444 Wendel, Goodman, Stuber, and Beckett 
Rothe, G. M. ( 197 4). Intracellular compartmentation and regulation of two shikimate dehydro-
genase isoenzymes in Pisum sativum. Z. Pflanzenphysiol. 74:152. 
Shaw, C. R., and Prasad, R. (1970). Starch gel electrophoresis of enzymes-a compilation of 
recipes. Biochem. Genet. 4:297. 
Siciliano, M. J., and Shaw, C. R. (1976). Separation and visualization of enzymes on gels. In 
Smith, I. (ed.), Chromatographic and Electrophoretic Techniques, Vol. II, Heinemann, 
London. 
Sisco, P. H., Wendel, J. F., and Stuber, C. W. (1987). Acp4 is the most distal marker on 
chromosome 1L. MaizeGenet. Coop. Newslett. 61:86. 
Smith, J. S. C., Goodman, M. M., and Stuber, C. W. (1984). Variation within teosinte. III. 
Numerical analysis of allozyme data. Econ. Bot. 38:97. 
Smith, J. S.C., Goodman, M. M., and Stuber, C. W. (1985a). Genetic variability within U.S. 
maize germ plasm. I. Historically important lines. Crop Sci. 25:550. 
Smith, J. S.C., Goodman, M. M., and Stuber, C. W. (1985b). Genetic variability within U.S. 
maize germplasm. II. Widely used inbred lines 1970 to 1979. Crop Sci. 25:681. 
Stuber, C. W., and Goodman, M. M. (1983a). Allozyme genotypes for popular and historically 
important inbred lines of corn, Zea mays L. USDA Agr. Res. Serv., Agr. Res. Results, 
Southern Series, No. 16. 
Stuber, C. W., and Goodman, M. M. (1983b). Inheritance, intracellular localization, and genetic 
variation of phosphoglucomutase isozymes in maize (Zea mays L.). Biochem. Genet. 
21:667. 
Stuber, C. W., and Goodman, M. M. (1983c). Localization of Got2 isozymes in maize. Maize 
Genet. Coop. Newslett. 57:128. 
Stuber, C. W., and Goodman, M. M. (1984). Inheritance, intracellular localization, and genetic 
variation of 6-phophogluconate dehydrogenase isozymes in maize. Maydica 29:453. 
Stuber, C. W., Goodman, M. M., and Johnson, F. M. (1977). Genetic control and racial variation 
of B-glucosidase isozymes in maize (Zea mays L.). Biochem. Genet. 15:383. 
Stuber, C. W., Moll, R. H., Goodman, M. M., Schaffer, H. E., and Weir, B.S. (1980). Allozyme 
frequency changes associated with selection for increased grain yield in maize (Zea mays 
L.). Genetics 95:225. 
Stuber, C. W., Goodman, M. M., and Moll, R. H. (1982). Improvement of ear number resulting 
from selection at allozyme loci in a maize population. Crop Sci. 22:737. 
Stuber, C. W., Edwards, M. D., and Wendel, J. F. (1987). Molecular marker facilitated 
investigations of quantitative trait loci in maize. II. Factors influencing yield and its 
component traits. Crop Sci. 27:639. 
Stuber, C. W., Wendel, J. F., Goodman, M. M., and Smith, J. S. C. (1988). Techniques and 
scoring procedures for starch gel electrophoresis of enzymes from maize (Zea mays L.). N.C. 
State Expt. Res. Bull., No. 286, 87 pp. 
Suiter, K. A., Wendel, J. F., and Case, J. S. (1983). LINKAGE-I: A pascal computer program 
for the detection and analysis of genetic linkage. J. Hered. 74:203. 
Tanksley, S. D. (1984). Linkage relationships and chromosomal locations of enzyme-coding 
genes in pepper, Capsicum annuum. Chromosoma 89:352. 
Vallejos, E. (1983). Enzyme activity staining. In Tanksley, S. D., and Orton, T. J. (eds.), 
Isozymes in Plant Genetics and Breeding, Elsevier, Amsterdam. 
Weeden, N. F. (1984). Distinguishing among white-seeded bean cultivars by means of allozyme 
genotypes. Euphytica 33:199. 
Weeden, N. F., and Gottlieb, L. D. (1980). Isolation of cytoplasmic enzymes from pollen. Plant 
Physiol. 66:400. 
Weeden, N. F., and Robinson, R. W. (1986). Allozyme segregation ratios in the interspecific 
cross Cucurbita maxima X C. ecuadorensis suggest that hybrid breakdown is not caused by 
minor alterations in chromosome structure. Genetics 114:593. 
Wendel, J. F., and Beckett, J. B. (1987). A new enzyme marker for the short arm of chromosome 
6. Maize Genet. Coop. Newslett. 61:19. 
Wendel, J. F., Stuber, C. W., and Goodman, M. M. (1985a). Twelve new isozyme loci in maize: 
Progress report on chromosomal locations, and the subunit composition and subcellular 
localization of their products. Maize Genet. Coop. News lett. 59:87. 
New Isozyme Systems for Maize 445 
Wendel, J. F., Stuber, C. W., and Goodman, M. M. (1985b). Mapping data for 34 isozyme loci 
currently being studied. Maize Genet. Coop. Newslett. 59:90. 
Wendel, J. F., Stuber, C. W., and Goodman, M. M. (1986a). Additional mapping experiments 
with maize isozyme loci. Maize Genet. Coop. Newslett. 60:120. 
Wendel, J. F., Stuber, C. W., Edwards, M. D., and Goodman, M. M. (1986b). Duplicated 
chromosome segments in Zea mays L.: Further evidence from hexokinase isozymes. Theor. 
Appl. Genet. 72:178. 
Wendel, J. F., Edwards, M.D., and Stuber, C. W. (1987). Evidence for multilocus genetic control 
of preferential fertilization in maize. Heredity 58:297. 
